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The decay properties of the Pygmy Dipole Resonance (PDR) have been investigated in the semi-magic 
N = 82 nucleus 140Ce using a novel combination of nuclear resonance ﬂuorescence and γ –γ coincidence 
techniques. Branching ratios for transitions to low-lying excited states are determined in a direct and 
model-independent way both for individual excited states and for excitation energy intervals. Comparison 
of the experimental results to microscopic calculations in the quasi-particle phonon model exhibits an 
excellent agreement, supporting the observation that the Pygmy Dipole Resonance couples to the ground 
state as well as to low-lying excited states. A 10% mixing of the PDR and the [2+1 × PDR] is extracted.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.During the past 15 years, substructures of the E1 strength on 
top of the low-energy tail of the isovector Giant Dipole Reso-
nance (IVGDR) [1] have been intensively studied. They are often 
referred to as the Pygmy Dipole Resonance (PDR); see [2] for a 
recent review. The location, total strength, as well as its fragmen-
tation have been experimentally obtained for many stable (see 
Refs. [3–13]) and a few exotic neutron rich [14–17] nuclei along 
the nuclear chart. These studies were accompanied by theoretical 
efforts to describe this new phenomenon [18]. The ability to ac-
curately describe the properties of the PDR is a delicate test for 
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SCOAP3.modern nuclear models. In addition, the PDR and in general the 
electric dipole (E1) strength (via the dipole polarizability) have 
been shown to be connected to the neutron-skin thickness, and 
hence they are related to isovector parameters in the equation of 
state of nuclear matter [19–23].
In stable nuclei the PDR can be studied in detail using several 
experimental methods. The method of nuclear resonance ﬂuores-
cence (NRF) is sensitive to J = 1 states in even–even nuclei with 
high selectivity and allows to systematically study the ﬁne struc-
ture of the PDR up to the particle separation thresholds [24–26]. 
Several important aspects regarding the nature of the PDR, such as 
collectivity, isospin character and interplay between these prop-
erties are currently being investigated using different theoreti-
cal approaches [18,21,27–31] providing controversial conclusions. 
Clearly, a solid and extensive experimental database is manda-
tory in order to discriminate and evaluate the different models.  under the CC BY license (http://creativecommons.org/licenses/by/4.0/). Funded by 
B. Löher et al. / Physics Letters B 756 (2016) 72–76 73In particular, experiments using a variety of probes, or providing 
additional complementary observables, are of high interest to test 
various aspects of the calculations. Excellent examples are recent 
experiments using the (α, α′γ ) reaction at intermediate energy, 
which have revealed a structural splitting of the low-energy E1 
strength for a number of different nuclei [32–36]. Measurements 
using inelastic scattering of 17O strongly support these results 
[37–39].
Here, we present the investigation of a new property of the 
PDR: probing its decay pattern by studying its direct decay to low-
lying excited states. Such data provide additional insight into the 
nature of the decay mechanism of the PDR and pose a new chal-
lenge for nuclear theory. The role of many complex 2p2h and 3p3h 
conﬁgurations in the fragmentation of the 1p1h doorway 1− states 
has been already studied via ground-state transitions, and good 
agreement to data has been reported [7,11]. The investigation of 
direct decays of the PDR to low-lying states allows to draw conclu-
sions on how some particular 2p2h conﬁgurations, namely the PDR 
built on top of these low-lying states, are mixed with the PDR it-
self. However, the direct observation of transitions to excited states 
is challenging, since experiments have shown that branching ratios 
Γi/Γ to states other than the ground state are small in compari-
son to the decay to the ground state. Therefore, most experiments 
were limited by their experimental sensitivity to the observation of 
direct decays to the ground state, and only indirect measurements 
of the decay pattern via the decay of low-lying states [9,40–44]
were possible. Recently, the ratio of intensity from ground state 
transitions to the intensity for all transitions has been deduced 
from singles spectra measured at HIγ S, representing comparable 
previous work [45]. A recent alternative approach to determine 
Γ0/Γ using nuclear self-absorption suffered from low sensitivity to 
weakly excited states [46]. In this letter we report on the ﬁrst di-
rect determination of the branching intensity of the PDR to excited 
states using a novel experimental technique. Our results support 
the suggestion that the decay of PDR states is not the inverse re-
action to its excitation by photons. Instead, while statistical decays 
dominate the high-energy part of the PDR, the direct decays to 
low-lying states strongly depend on the nuclear structure and may 
play an important role for the low-energy part of the PDR.
In NRF experiments, the integrated cross section for the i-th 
decay channel is proportional to Γ0Γi/Γ , with the decay width 
to the ground state Γ0, the decay width to an excited state Γi
and level width Γ . Without adequate knowledge of the branch-
ing ratio Γi/Γ , B(E1)↑ excitation strengths are often determined 
under the assumption that decays to excited states are negligible 
(i.e. Γi  1 and Γ0 ≈ Γ ). This is an invalid assumption, poten-
tially leading to incorrect results if the sum of the partial decay 
widths to excited states 
∑
Γi becomes comparable to Γ0. The 
use of quasi-monochromatic photon beams [47] allowed experi-
ments with increased sensitivity compared to experiments using 
continuous-energy bremsstrahlung beams. Yet, the sensitivity for 
the direct observation of transitions to low-lying excited states has 
remained insuﬃcient.
We report on the ﬁrst results of experiments using the new ap-
proach of combining the high spin-selectivity of the NRF reaction 
to J = 1 states, the beneﬁt of quasi-monochromatic photon beams 
to excite the nucleus to states in a well deﬁned energy region, and 
the high sensitivity to cascading transitions via γ –γ coincidences 
in the decay radiation spectroscopy. The results are compared to 
calculations in the quasi-particle phonon model (QPM) [48], which 
accurately describes the bulk properties as well as the fragmenta-
tion of E1 strength in the PDR region [3,11]. The model has been 
extended to calculate the decay width of the PDR states to the ﬁrst 
low-lying excited states of the nucleus.Fig. 1. (Color online.) Measured energy spectra for 140Ce at a beam energy of 
6.5 MeV with simpliﬁed level schemes indicating the transitions visible in the spec-
trum (bold arrows). (a) Singles spectrum from HPGe detectors shown in black to-
gether with the spectral distribution of the photon beam (red, dashed). Red squares 
indicate values for the photon-ﬂux determination from isolated transitions with 
known cross sections. (b) Spectrum of γ -rays detected by the HPGe spectrome-
ters in coincidence with observation of the 2+1 → 0+1 transition (1.596 MeV) in the 
LaBr detector array (black). Error bars indicate the statistical uncertainty. The blue 
histogram represents the background. The increasing intensity toward lower energy 
as well as the peak structures at 511 keV below the photon beam energy is due 
to the detector response. This has not been corrected for in the shown spectra to 
preserve the high energy resolution.
The experiments were performed using the recently installed 
γ –γ coincidence setup γ 3 at the High Intensity γ -ray Source 
(HIγ S) at the Triangle Universities Nuclear Laboratory. The exper-
imental setup is described in detail in [49] and technical details 
concerning the analysis of the measurements are given in [50]. 
The γ 3 setup is located 52 m downstream from the production 
point of the γ -rays from laser Compton backscattering. The beam 
was collimated to a diameter of 1.9 cm at the target position to 
provide an intensity of 3 × 107 γ /s with an energy spread of 
about 4%. The photon beam impinged on the 140Ce target (mass: 
2.3 g, isotopic enrichment: 99.72%) located at the center of the 
γ 3 detector array. The array consisted of four 60% HPGe detec-
tors providing high energy resolution as well as four large-volume 
7.62 cm × 7.62 cm LaBr3:Ce scintillators with superior detection 
eﬃciency. The count-rate capability of LaBr3:Ce (see e.g. [51–53]) 
allowed for a close detector geometry, leading to a total eﬃciency 
of 6% for the LaBr3:Ce and 1.5% for the HPGe array at 1.3 MeV, re-
spectively. The energy region of the PDR was covered from 5.2 MeV 
to 8.3 MeV.
Fig. 1(a) shows as an example the measured spectrum at a 
beam energy of 6.5 MeV, as detected by the HPGe γ -ray spectrom-
eters (black) without any coincidence condition. The red dashed 
curve indicates the spectral distribution of the incident photon 
beam measured with an in-beam HPGe detector. The HPGe spec-
trum shows distinct peaks in the energy region of the photon 
beam, each corresponding to the decay of an excited Jπ = 1− state 
to the ground state. Near 6 MeV the single-escape peaks are visi-
ble. In a previous NRF experiment [46] the excitation cross sections 
for the most prominent transitions have been measured. They are 
used in the present experiment to calculate the absolute photon 
intensity (as indicated in Fig. 1(a)), which in turn allows to deter-
mine cross sections for previously unresolved transitions.
Fig. 1(b) shows the summed HPGe spectrum of photons de-
tected in coincidence with a 1.596 MeV photon from the 2+1 → 0+1
transition of 140Ce and detected with the LaBr array. The peaks 
74 B. Löher et al. / Physics Letters B 756 (2016) 72–76Fig. 2. (Color online.) Measured energy spectra from LaBr detectors. (a) Singles 
spectra from LaBr detectors (blue: measured, black: unfolded) together with the 
beam-energy distribution (red, dashed). (b) Coincidence spectrum (black) gated on 
the 2+1 → 0+1 transition, unfolded using the ﬁtting method. The small amount of 
random coincidences is shown in blue.
in this spectrum result from direct feeding transitions of the ex-
cited J = 1 states at about 6.5 MeV into the ﬁrst excited 2+1
state of 140Ce. From these feeding intensities the branching ratio 
to the 2+1 state relative to the ground state is determined. The 
spectrum resulting from a background gate on a slightly higher 
energy measured in the LaBr array is shown in blue, indicating 
the contribution of random coincidences. Clearly, the coincidence 
condition involving the decay of the 2+1 state is very selective 
and the spectrum is almost free of background. In addition, us-
ing the coincidence the transitions in the resulting spectrum can 
be unambiguously identiﬁed as primary transitions from the ex-
cited J = 1 states. This demonstrates the high sensitivity of the 
employed method.
Complementing the state-to-state information extracted from 
the resolved peaks in the HPGe spectra, it is also possible to extract 
averaged quantities by integrating the energy spectra in the region 
of the excitation energy. In Fig. 2(a) the summed singles spectrum 
for the LaBr detectors is presented for the same incident photon 
beam energy of 6.5 MeV (blue histogram). Due to the energy res-
olution of the LaBr detectors of about 60 keV, it is not possible 
to observe single transitions. However, the enhanced detection ef-
ﬁciency provides superior statistics compared to the HPGe spectra. 
In order to analyse the full-energy peak, the spectrum is corrected 
for contributions from natural background radiation as well as ef-
fects of the detector response as described in [50]. The resulting 
spectrum is also shown in Fig. 2(a) in black. Fig. 2(b) shows the 
LaBr spectrum after unfolding (black) with the coincidence condi-
tion that one of the LaBr detectors has detected the 1.596 MeV 
photon from the 2+1 → 0+1 transition. The blue histogram shows 
again the contribution of random coincidences and was produced 
in the same way as in Fig. 1(b) for the HPGe detectors. The same 
procedure of unfolding can also be applied to the HPGe spectra, 
yielding similar unfolding results. These, however, contain much 
less statistics compared to the unfolded LaBr spectra, due to the 
smaller detection eﬃciency of the HPGe detectors.
The area of the full-energy peak in the unfolded HPGe and LaBr 
spectra is composed of the summed areas of the full-energy peaks, 
which could be resolved in the HPGe spectra, and in addition con-
tains also the aggregate area of all unresolved transitions. The ratio 
of the total scattering cross section σ Iγ γ as determined from inte-
grating the unfolded spectra, and the sum of the scattering cross Fig. 3. (Color online.) Elastic scattering cross section of 140Ce extracted from HPGe 
spectra. Points shown as ﬁlled circles (black) consider solely integrated cross sec-
tions of observed individual ground-state transitions. Open circles (red) include also 
the contribution from unresolved states. The normalised difference between the two 
values D is shown with blue triangles. Horizontal error bars indicate the FWHM of 
the beam-energy distribution. Lines are drawn as a guide.
sections of the isolated states σ Pγ γ , therefore provides a measure 
of the amount of unresolved strength missing in the state-to-state 
analysis. Fig. 3 compares both values extracted from HPGe spectra 
as a function of the excitation energy. For the determination of ab-
solute cross sections the previously known values for strong transi-
tions from [5] and [46] have been used to calibrate the photon ﬂux. 
At energies below about 6.5 MeV most of the total scattering cross 
section can be resolved into isolated states within the HPGe res-
olution, while at higher energies the accumulated contribution of 
weakly excited levels to σ Iγ γ can no longer be neglected. This trend 
is clearly visible from the normalised difference D = 1 −σ Pγ γ /σ Iγ γ .
Recently, a comparative study between NRF and (p, p′) mea-
surements [54] has shown a signiﬁcant discrepancy regarding the 
total E1 strength. In light of this study it is important to pre-
cisely determine the cross section taking into account also the 
contribution from unresolved states as well as from transitions to 
low-lying excited states. The large value of D at higher energy in-
dicates that the disagreement between the (p, p′) and NRF results 
at these energies may partly be explained by contributions from 
unresolved ground state transitions. The determination of such un-
resolved transitions has been investigated also in NRF experiments 
before, for example on 136Ba and other nuclei, see [45,55] and 
references therein. In the analysis of these experiments the re-
sults were obtained by using Monte-Carlo simulations as well as 
statistical model calculations to account for background and con-
tributions from inelastic transitions, which, however, introduce a 
model-dependency in the results. In addition to the contribution 
from unresolved transitions, the direct decay to low-lying states 
contributes signiﬁcantly to the total cross section, even in an en-
ergy region with low level density, as is shown below.
When requiring a transition to a low-lying excited state in coin-
cidence, a spectrum containing only the contributions from inelas-
tic transitions is obtained, and therefore it is possible to extract the 
branching ratio to this excited state in a model-independent way. 
Compared to the coincident HPGe spectra the LaBr spectra contain 
much higher statistics. At the same time the LaBr spectra do not 
allow for a state-to-state analysis, but instead averaged branching 
ratios can be extracted from the data for the excitation energy re-
gion deﬁned by the photon beam. The averaged branching ratio 
〈bi〉 describes the fraction of decays to the 2+i state relative to the 
ground state decays. It is connected to the branching ratios of sin-
gle excited states by
〈bi〉 =
∑
j
Γ
j
0
Γ
j
i
Γ j
/
∑
j
(Γ
j
0 )
2
Γ j
, (1)
where the index j denotes the j-th J = 1 excitation in the given 
excitation energy region, and the index i the i-th ﬁnal state. The 
〈bi〉 can be compared to the calculations within the QPM.
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citation energy Ex compared to results from QPM calculation (solid curve). Circles: 
Transition to 2+1 state. Squares: Transition to 2
+
2 state. Error bars include statistical 
uncertainties, and systematical uncertainties owed to eﬃciency extrapolation and 
unfolding.
Fig. 4 shows the results for analysis of the LaBr coincidence 
spectra. In the upper part the average branching ratio 〈b1〉 to the 
ﬁrst excited 2+1 state of 140Ce is given as a function of excitation 
energy. The lower panel shows the average branching ratio 〈b2〉 for 
the decay to the 2+2 state at an excitation energy of 2.348 MeV.
The calculations shown in the upper part of Fig. 4 were already 
performed during the planning stage of the experiment to esti-
mate the feasibility of this type of experiment. The wave functions 
of the PDR states of 140Ce were taken from previous calculations 
presented in [11]. They contain one-, two-, and three-phonon com-
ponents:
|Ψλ〉ν =
{∑
λi
Rνλi Q
†
λi +
∑
λ′i′λ′′ i′′
Pλ
′′i′′
λ′i′ (ν)
[
Q †
λ′ i′ × Q †λ′′i′′
]
λ
+
∑
λ′ i′λ′′i′′
∑
λ′′′ i′′′ J ′
T λ
′′′ i′′′
λ′ i′λ′′i′′(ν)
[[
Q †
λ′i′ × Q †λ′′i′′
]
J ′
× Q †
λ′′′ i′′′
]
λ
}
|〉g.s
(2)
where Q +
λi is a phonon of the multipolarity λ = Jπ and root num-
ber i of the quasi-particle random phase approximation; [Q †
λ′ i′ ×
Q †
λ′′ i′′ ]λ =
∑
m′m′′ C
λm
λ′m′λ′′m′′ Q
†
λ′m′ i′ Q
†
λ′′m′′ i′′ . The amplitudes of one-, 
two-, and three-phonon conﬁgurations into a ν-th mixed state are 
denoted by R , P , and T , respectively.
The wave functions of the 2+ν2 (ν2 = 1, 2) states are domi-
nated by one-phonon components (see Table II(b) in [56]). The 
decay widths of the 1−ν1 (ν1 = 1, 2, . . .) state to the ground state 
Γ0(1−ν1 → g.s.) ∝ B(E1, g.s. → 1−ν1 ) are calculated from the results 
in [11]. The decay widths to the excited 2+ν2 state have the form
Γ2+ν2
(1−ν1 → 2+ν2) ∝
∣∣∣∣∣
∑
i2
Rν2i2
(∑
i1
Rν1i1 〈Q 2+i2 ||E1||Q +1−i1〉
+
∑
λ1 iλ2i′
Pλ2i
′
λ1i
(ν1)〈Q 2+ i2 ||E1||[Q +λ1i Q +λ2i′ ]1−〉
)∣∣∣∣∣
2
, (3)
where E1 means the electric dipole transition operator. Index 1 or 
2 in Eq. (3) refers to speciﬁc multipolarity 1− or 2+ , respectively. 
Expressions for reduced matrix elements are available in [57].Among the many transition matrix elements in Eq. (3) only a 
few of them provide the main contribution to the ﬁnal sum. They 
are 〈Q 2+ i2 ||E1||[Q +1− i Q +2+ i2 ]1−〉, representing the decay of the door-
way PDR states built on top of the 2+ν2 low-lying state. The sum of 
all other matrix elements contributes only about 15% on average 
to the Γ2+ν2
. At the same time, the excitation probability of the 1−ν1
states and their decay width to the ground state are proportional, 
with good accuracy, to the excitation probability of the doorway 
PDR states. This allows for a sensitive test of the mixing of the 
PDR and the PDR built on top of the 2+ν2 low-lying states. The 
discrete branching ratios obtained from the QPM calculation have 
been averaged using a Lorentz-shape distribution with a width cor-
responding to the energy spread of the photon beam (from about 
200 keV to 400 keV). The resulting averaged branching ratio as a 
function of the excitation energy is shown as a solid curve in Fig. 4.
Comparison of the experimental data to the results from the 
QPM calculation reveals very good agreement, both, in terms of the 
absolute value and the energy dependence over the entire energy 
range. In case of the decay to the 2+2 state the agreement is not as 
good as for the 2+1 state. The reason may be that the strength of 
the quadrupole residual interaction in the model Hamiltonian has 
been adjusted to describe the properties of the ﬁrst 2+ state as ac-
curately as possible. Yet, this is a clear indication that the coupling 
to complex conﬁgurations in the QPM leads not only to an ad-
equate description of the strength fragmentation, but in addition 
describes the transition probabilities to excited states with good 
accuracy. In particular, the determination of the branching inten-
sity to the ﬁrst excited states provides a sensitive test on how the 
PDR and the PDR built on top of these low-lying excited states are 
mixed.
These studies ﬁnally allow for the determination of the mag-
nitude of the mixing between the PDR and the PDR built on top 
of low-lying states, which is assumed weak by the Axel–Brink hy-
pothesis. We conclude that in 140Ce the PDR and [2+1 × PDR] are 
mixed on the level of about 10%, while this mixing is weaker for 
the [2+2 × PDR] mode.1
In summary, we presented for the ﬁrst time a direct determina-
tion of decay properties of the PDR using a novel experimental ap-
proach, which combines a quasi-monochromatic photon beam and 
γ –γ -coincidence spectroscopy. This approach, applied to 140Ce, 
provides the necessary sensitivity to directly observe decays to ex-
cited states of the nucleus. The experimental method allowed for 
the determination of the contribution from unresolved transitions 
to the measured cross sections. The averaged branching ratios to 
the ﬁrst and second excited 2+ states were measured, even though 
the absolute values are only a few percent, which demonstrates the 
superior sensitivity of the method. The QPM has been extended to 
provide transition widths to low lying excited states. The model 
prediction for the decay to the ﬁrst exited 2+ state is in a very 
good agreement with the new data. The results from these mea-
surements are also important for NRF studies in general, and hint 
at the necessity of corrections to already measured PDR excitation 
cross sections.
The work described in this article is supported by the Alliance 
Program of the Helmholtz Association (HA216/EMMI), the DFG 
(SFB 1245 and ZI510/7-1) and U.S. DOE grants No. DE-FG02-91ER-
40609 and No. DE-FG02-97ER-41033.
1 It should be noted, that the so-called statistical decay is very different from 
what we observe here, because the strength of the mixing is tied to the collectivity 
of the participating 2+ state, which is a property of nuclear structure.
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